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Aim: The aim of this work was to determine the pathways implicated in the mechanosensing of
chondrocytes.
Methods: Rat chondrocytes were cultured in collagen hydrogels of different stiffness (2e20 Pa) in nor-
moxia and hypoxia, in monolayer and embedded inside hydrogels. First, chondrocyte were cultured on
hydrogels in the presence of antibodies to block integrins. Second, custom RT-PCR array plates and
western blot were used to detect changes in expression of genes implicated in downstream signalling
pathways.
Results: The results allowed us to demonstrate the mechanosensing of chondrocytes for changes in
stiffness in the range of Pascals. We also identiﬁed Non-Muscle Myosin II (NMMII) and integrins a1, b1
and b3 as participants in the mechanosensing, since their blockade inhibits the sensing of the stiffness,
and they are up-regulated in the process. RT-PCR arrays and western blot detected up-regulation of
Paxillin, RhoA, Fos, Jun and Sox9. We detected no expression of Src in the monolayer cultures, but we
found a role for this protein in 3D. The expression of HIF-1a was not modiﬁed under normoxia but was
found to participate under hypoxia. Focal Adhesion Kinase (FAK), showed a direct relationship with the
expression of Aggrecan in hypoxia and an inverse one in normoxia. Finally, immunoﬂuorescence analysis
located the expression of factors AP-1, Sox-9 and HIF-1a inside the cell nuclei and RhoA, Src, Paxillin and
FAK close to the cytoplasmic membrane.
Conclusions: We determined here some of the genes that are up-regulated during the process of chon-
drocyte mechanosensing.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Lesions that occur in cartilage have a poor prognosis and few
possibilities of repair1e3. Since cartilage is a tissue whose main
function is mechanical, chondrocytes have the capacity to respond
to mechanical stimuli4e6. The response to active mechanical stim-
ulation in a process of outside-in signalling has been described in
which forces, like mechanical compression or shear stress, are
originate from sources outside of the cell. Although, there are also
mechanical forces known as insideeoutside-in signalling in which
the original force arise inside the cell detecting the mechanical
properties of the substrate in which cell is anchored7. In chon-
drocytes the outside-in signalling has been widely described. Izal-Azcárate, Laboratory for
staños, Irunlarrea s/n, 31008
; Fax: 34-48-425649.
s Research Society International. Pelsewhere, inducing an improvement on the matrix synthesis8,9,
but there are few data referring to the insideeoutside-in signalling.
Engler et al. describe how the stiffness of the substrate has a strong
inﬂuence on the differentiation of mesenchymal stem cells to
muscle, bone or adipose tissue, but little is known for cartilage
cells7.
Concerning the mechanisms that underlie this phenomenon,
there are some shared signalling events with outside-in signalling.
Since in both cases forces are transmitted through integrins, which
form the unions between the cell and the extracellular matrix
(ECM) or the substrate during cell culture10e14. Coupled to these
interactions focal adhesion complexes are formed, which include
a number of kinases that transmit the signal inside the cell13.
Among these, Focal Adhesion Kinase (FAK) is of particular relevance
with its role recruiting other signalling molecules (e.g., Src, RhoA,
Paxillin, Talin and Vinculin)15e18.
This mechanisms seem to be also responsible for chondrocytes
events such as chondrocyte dedifferentiation in monolayer which
has been described but poorly understood19,20. In the same way, itublished by Elsevier Ltd. All rights reserved.
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hypoxia, since hypoxic conditions are closer to that encountered in
healthy cartilage. HIF-1 has been demonstrated as a key factor
in this response to low oxygen concentrations21,22, but nothing has
been described concerning a possible implication in the mecha-
noperception of chondrocytes in hypoxia. Our aim here was to
develop a model that takes into account all these parameters and
offer new data about the changes in gene expression which will
allow us to understand the changes that chondrocytes suffer when
changing its mechanical environment. In order to translate the
knowledge from mechanobiology of chondrocytes to tissue engi-
neering techniques and ﬁnally to the clinical practice, it is necessary
to understand the mechanisms that occur in a chondrocyte sub-
jected to different stimuli.
Materials and methods
Preparation of hydrogels
For the preparation of gels, we used collagen type I (BD Biosci-
ences, Franklin Lakes, NJ, USA) at concentrations of 3 mg/mL, 2 mg/
mL and 1 mg/mL, all prepared in 0.2% acetic acid. The gels were
prepared by mixing eight parts of collagen at the concentration
desired, one part of culture medium containing a pH indicator
(DMEM-Glutamax, Invitrogen, Carlsbad, USA) and one part of foetal
bovine serum. 2 N NaOH was added until pH was neutralized, and
then the solution was allowed to gelify for at least 1 h at 37C and
5% CO2. For the gels to be used in hypoxia, the conditions for the
geliﬁcation process included 5% O2.
Dynamic rheological measurements
To determine the mechanical properties of the hydrogels oscil-
latory rheological experiments were performed on a Rheometer
System Gemini HR nano (Malvern Instruments, Malvern, UK) using
a stainless steel cone/plate geometry (4 cone angle, 40 mm cone
diameter) with the gap set at 150 mm. The Torque range of the
rheometer was 10 nNme200 mNm and the torque resolution was
better than 1 nNm. A Peltier temperature controller achieved
temperature control, with an accuracy of 0.1C. Dynamic
frequency sweeps for collagen solutions with different concentra-
tions were performed from 0.1 to 20 Hz at 37C at a constant strain
of 3%. Dynamic stress sweeps were conducted prior to the
frequency sweeps to ensure operationwithin the linear viscoelastic
region. Each sample was equilibrated for 2 min before measure-
ment. The storage modulus (G0), loss modulus (G00), and complex
viscosity (h*) were recorded as function of frequency.
Isolation and culture of chondrocytes
As the source of tissue we used Wistar rats with an average
weight of 200e250 g. The animal handling was approved by our
institutional committee. The sacriﬁce of animals was performed
under sedation with 15 mg/kg ketamine (Merial, Duluth, GA, USA)
and 0.2mg/kg xylazine (Calier, Les Franqueses del Vallès, Barcelona,
Spain) by cervical dislocation. The total knee joint was exposed
under sterile conditions and cartilage pieces obtained using
surgical blades from tibia and femoral cartilage. The tissue was
placed in culture dishes, minced and treated over night with
0.5 mg/mL collagenase and dispase (Sigma, St Louis, MO, USA)
dissolved in expansion medium [DMEM-Glutamax supplemented
with 10% foetal bovine serum (Invitrogen, Carlsbad, CA, USA), 1 mM
L-cysteine and penicillin/streptomycin (Invitrogen)]. After diges-
tion, the content was ﬁltered and the cells collected by centrifu-
gation at 1,500 rpm for 5 min. The cell pellets were washed, andﬁnally resuspended in expansion medium. After the ﬁnal wash, the
cells were seeded in 175 cm2 ﬂasks and maintained at 37C and 5%
CO2. Medium was renewed every 2e3 days. For the culture in
hypoxia, conditions were 37C, 5% CO2 and oxygen decreased to 5%
since is a commonly used hypoxia environment. In order to
demonstrate the viability of chondrocytes in hypoxia, we per-
formed a cell growing curve by calculating doublings up to day 56
and compared to normoxia condition in which they have widely
demonstrated to be viable. In addition we quantiﬁed the apoptosis
in 5,000 chondrocytes per well in 96 well plates using Cell Death
Detection ELISA Plus (Roche, Basel, Switzerland) and tested the
capacity of chondrocytes to form cartilage matrix by culturing
passage 2 cells in a micromass system and staining histological
sections with toluidine blue.
Culture at different stiffness
For the culture of cells at different stiffness, experiments were
performed using cells passaged twice, in order to use cells with
a preserved capacity for chodrogenesis. They were performed both
in normoxia (O2 at atmospheric concentration) and hypoxia (5% O2)
and also duplicated in order to conﬁrm their reproducibility.
Chondrocytes were collected and seeded onto the hydrogels
prepared in six well plates for monolayer culture at a density of
7,000 cells/cm2. Alternatively, for the culture in three dimensions,
cells were suspended in the collagen before geliﬁcation at a density
of 106 cells/100 mL in a ﬁnal volume of 60 mL in 96 well plates. In
both cases, chondrocytes were maintained for 4 days in normoxia
and hypoxia. In the ﬁrst stage, chondrocytes were cultured in these
conditions and antibodies to integrins added to the culture
medium. The Collagen Speciﬁc Integrins Investigator kit (Chemicon,
Temecula, CA, USA)was used, which includes antibodies speciﬁc for
integrins a1, a2, a3, aV, aV/b3, b1, and b3. Antibodies were added at
a concentration of 1 mg/mL during the seeding of cells. Blebbistatin
50 mMwas also used added at the same time to test the role of Non-
Muscle Myosin II (NMMII). As a control we used an antibody
speciﬁc to the non-participating von Willebrand factor (Sigma).
After the 4 days in culture, cells were used for the detection of
Aggrecan by RT-PCR (see below). Later on, at the second stage,
chondrocytes were cultured in the conditions described without
the presence of antibodies, and collected for the analysis of their
RNA using RT-PCR array plates and for immunoﬂuoscence as
described below.
RT-PCR assays
Hydrogels containing the cells were collected and RNA extracted
using 1 mL of Trizol (Invitrogen), following manufacturer’s guide-
lines. After determination of RNA concentration by spectropho-
tometry using nanodrop (Thermo Fisher Scientiﬁc, Waltham, MA,
USA) we performed retrotranscriptionwith cDNA SuperMix qScript
system (Quanta Biosciences, Gaithersburg, MD, USA), using 1 mg of
RNA for each reaction. A total of 0.5 mL of the outcome of the
previous reaction was subjected to gene expression assay by real-
time PCR. We used Taqman assay (Applied Biosciences, Foster City,
CA, USA) for Aggrecan (Rn00573424-m1) and Custom Taqman
array plates for the detection of Integrin b1 (Rn00566727_m1),
Integrin b3 (Rn00596601_m1), Integrin a1 (Rn00578564_m1), Fos
(Rn02105419_u1), Jun (Rn00572991_s1), Sox9 (Rn01751069_mH),
Paxillin (Rn01499294_m1), RhoA (Rn00589172_m1), FAK
(Rn00433209_m1), Src (Rn00583063_m1) and HIF-1a
(Rn00577560_m1). Relative expression was determined using the
2ddCt method according to the guidelines of Livak and Schmitt-
gen23. The 3 mg/mL gels were taken as controls and the values
obtained for 2 and 1 mg/mL gels referred to them.
Table I
Dynamic frequency dependence of the storage (elastic) modulus (G0) for collagen
hydrogels with different concentrations (1, 2 and 3) were performed from 0.1 to
20 Hz at 37C and at a constant strain of 3%. The elastic modulus of these hydrogels
vs their concentrations are shown at a frequency of 1 Hz. The average for three
repeats of measurements is shown, with 95% conﬁdence interval
3 mg/mL 2 mg/mL 1 mg/mL
Normoxia 22.42  2.58 9.99  0.75 5.26  0.96
Hypoxia 19.16  1.02 7.45  1.05 2.28  0.36
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For the detection of the signalling molecules at the protein
level we performed western blot analysis of protein extracts from
chondrocytes. Proteins were extracted using Phosphosafe
extraction reagent (Novagen, Madison, WI, USA) and after
quantiﬁcation using Bradford assay, loaded in SDS-PAGE gels.
Proteins were transferred to nitrocellulose membranes and
blocked using 5% milk in TBST. We used antibodies speciﬁc for
RhoA, Src, Paxillin (Cell Signaling, Danvers, MA, USA), FAK
(Invitrogen), c-Jun (Sigma), Sox9 and HIF-1a (BD Biosciences).
They were used diluted 1:1000 in blocking buffer. After washing
extensively the blot, secondary antibodies were used diluted
1:2000 in blocking buffer and then washed again. Finally, the
blots were visualized using Lumilight Plus Western Blotting
substrate (Roche).Immunoﬂuorescence analysis
For the localization of the signalling molecules detected, we
performed immunoﬂuorescence analysis. Cells in conditions that
yielded the peak of expression were detached from hydrogels and
placed in culture slide chambers (BD Biosciences). Cells were ﬁxed
in Paraformaldehyde for 30 min or in methanol/acetone 1:1 for
10 min when they were used for the detection of nuclear tran-
scription factors. We used antibodies speciﬁc for RhoA, Src, Paxillin
(Cell Signalling), FAK (Invitrogen), AP-1 (Sigma), Sox9 and HIF-1a
(BD Biosciences). All antibodies were used at dilution 1:50 over
night at 4C. Samples were previously blocked with normal goat
serum (Sigma) diluted 1:20 in 0.05% Tween 20 in PBS and ﬁnally
they were washed and incubated with the secondary antibody
1:200 for 45 min at RT. Samples were mounted with DAPI and
analysed under a ﬂuorescence microscope.Statistical analysis
The results from gene expression experiments were compared
using the nonparametric KruskaleWallis test, using the software
SPSS 15.0 for Windows. We considered the values for P less than
0.05 to be signiﬁcant.Results
Mechanical characterization of hydrogels
The mechanical properties of the hydrogels used in this study
were analysed by determining the elastic modulus of geliﬁed
collagen both in normoxia and hypoxia. We observed an elastic
modulus for 3, 2 and 1 mg/mL gels of 22.42, 9.98 and 5.26 Pa
respectively in normoxia and 19.16, 7.45 and 2.28 Pa in hypoxia
(Table I).Fig. 1. Analysis of chondrocyte viability. Cell doublings were calculated for cartilage
cells in normoxia and hypoxia up to day 56 for cells pooled from a total of 15 rats (A).
Quantiﬁcation of the nucleosomal fragments were used as an estimation of the
apoptotic activity and compared to H2O2 treated chondrocytes as a positive control.
The average  95% conﬁdence interval is shown for a six repeats experiment (n ¼ 6)
(B). Finally, the chondrogenic capacity of cells used in this study (passaged twice) were
assayed placing cells in a micromass culture for 7 days, and stained the pellets using
toluidine blue (C). Scale bars: 100 mm.Analysis of chondrocyte viability
Chondrocytes viability was ﬁrst determined by the growing
rate of passage 6 cultures. We observed a healthy growing pattern,
reaching 14.9 doublings in normoxia and 17.4 doublings in hypoxia
after 56 days in culture [Fig. 1(A)]. In accordance, we do not
detected apoptotic activity under both normoxia or hypoxia
[Fig. 1(B)]. Finally, chondrogenic potential was determined by
pellet formation. Passage 2 chondrocytes were capable of ECM
deposition with a robust metachromasia for toluidine blue stain-
ing [Fig. 1(C)].Integrin-blockade experiments
Rat chondrocytes were cultured for a total of 4 days in
monolayers or embedded into the collagen hydrogels and their
chondrocyte phenotype analysed for the expression of Aggrecan.
In a ﬁrst stage, we analysed whether chondrocyte mechano-
perception (identiﬁed as changes in Aggrecan expression) was
impaired when integrins were blocked. We also blocked the
NMMII by means of blebbistatin (according to Engler et al.)7. In
control-treated cells changes demonstrated an up-regulation of
Aggrecan in the more compliant hydrogels in both types of culture
in normoxia and only in the monolayer cultures in hypoxia
(Table IIA and B). The response of the chondrocytes was inverted
when cells were cultured in a 3D environment in hypoxic condi-
tions, showing an increase in the Aggrecan expression in the gels
with higher stiffness (Table IIC and D).
Table II
Effect of integrin blockade in chondrocytes cultured in collagen hydrogels. Experi-
ment were repeated three times and for every repeat, cells were pooled from 15 rats
and cultured for 4 days in monolayer and embedded inside the gels in normoxia
(A and B) and hypoxia (C and D) and then collected and subjected to RT-PCR assays
for the expression of Aggrecan. The relative quantity to the control-treated gel for
every collagen concentration is shown as the average  95% conﬁdence interval for
six repeats (n¼ 6). Experiment were repeated three times NMMII was blocked using
blebbistatin (indicated as Blebb). Statistical analysis for 2 mg/mL gels is referred to
the control 3 mg/mL gels, while that for 1 mg/mL is referred to the 2 mg/mL gels.
Values that resulted signiﬁcantly different appear in boldcase
3 mg/mL 2 mg/mL 1 mg/mL
(A) Normoxia e monolayer
Control 1.02  0.18 1.19  0.10 2.22 ± 0.36a,b (0.004; 0.002)
a1 0.80  0.17 1.12  0.14 1.27  0.19
a2 0.77  0.04 1.55 ± 0.16a (0.002) 1.53 ± 0.11a (0.004)
b1 0.98  0.07 1.04  0.05 0.97  0.09
aV 0.68  0.06 1.82 ± 0.29a (0.002) 1.85 ± 0.09b (0.004)
aV3 0.99  0.10 0.99  0.08 0.95  0.42
a3 0.81  0.12 0.50 ± 0.13a (0.007) 0.81 ± 0.02a,b (0.014; 0.016)
b3 0.87  0.06 1.03  0.09 0.97  0.06
Blebb 0.90  0.09 0.98  0.11 1.08  0.05
(B) Normoxia e 3D culture
Control 1.01  0.12 2.06 ± 0.39a (0.006) 2.98 ± 0.28a,b (0.002; 0.017)
a1 0.87  0.11 0.97  0.21 0.98  0.07
a2 0.74  0.13 1.58 ± 0.22a (0.020) 1.62 ± 0.13a (0.024)
b1 0.92  0.15 0.97  0.11 1.06  0.07
aV 0.70  0.09 2.30 ± 0.18a (0.006) 2.38 ± 0.62b (0.009)
aV3 0.94  0.08 0.97  0.06 1.02  0.07
a3 0.87  0.07 0.62 ± 0.06a (0.034) 0.19 ± 0.03a,b (0.029; 0.034)
b3 0.96  0.03 0.99  0.08 1.07  0.08
Blebb 1.01  0.12 1.08  0.03 1.08  0.15
(C) Hypoxia e monolayer
Control 1.01  0.15 1.99 ± 0.43a (0.004) 3.26 ± 0.56a,b (0.045; 0.030)
a1 1.27  0.35 1.03  0.12 1.12  0.23
a2 1.02  0.13 1.28 ± 0.17a (0.037) 2.04 ± 0.25a,b (0.006; 0.004)
b1 1.13  0.25 1.03  0.06 0.91  0.09
aV 1.51  0.11 1.99 ± 0.24a (0.002) 3.37 ± 0.34a,b (0.004; 0.001)
aV3 1.22  0.20 1.05  0.32 1.20  0.18
a3 2.15  0.12 5.44 ± 0.47 (0.016) 6.69 ± 0.49a,b (0.021; 0.014)
a3 1.10  0.08 1.09  0.19 1.08  0.12
Blebb 1.12  0.09 0.98  0.20 1.14  0.29
(D) Hypoxia e 3D culture
Control 1.00  0.03 0.40 ± 0.07a (0.006) 0.09 ± 0.02a,b (0.004; 0.002)
a1 1.11  0.14 0.99  0.07 1.04  0.07
a2 1.90  0.07 0.56 ± 0.18a (0.034) 0.53 ± 0.07a (0.045)
b1 1.13  0.21 0.93  0.02 1.00  0.08
aV 2.01  0.09 2.44 ± 0.14a (0.006) 3.65 ± 0.16a,b (0.014; 0.016)
aV3 1.32  0.11 1.21  0.20 1.21  0.26
a3 1.42  0.11 1.95 ± 0.25a (0.005) 5.41 ± 0.27a,b (0.015; 0.019)
b3 1.11  0.10 0.92  0.05 1.01  0.08
Blebb 1.09  0.09 0.97  0.08 1.05  0.10
a: P < 0.05 with respect to the control 3 mg/mL gel. b: P < 0.05 with respect to the
2 mg/mL gel. In brackets appears the value for P.
Table III
Gene expression analysis of integrins alpha1, beta1 and beta3. They were selected
based on the results obtained. Experiment were repeated three times and for every
repeat, cells were pooled from 15 rats and cultured for 4 days in monolayer and
embedded inside the gels in normoxia (A and B) and hypoxia (C and D) and then
collected and subjected to RT-PCR assays. The relative quantity to the 3 mg/mL gel is
shown as the average 95% conﬁdence interval for six repeats (n ¼ 6). Statistical
analysis for 2mg/mL gels is referred to the control 3mg/mL gels, while that for 1mg/
mL is referred to the 2mg/mL gels. Values that resulted signiﬁcantly different appear
in boldcase. a: P < 0.05 with respect to the control 3 mg/mL gel. b: P < 0.05 with
respect to the 2 mg/mL gel. In brackets appears the value for P
3 mg/mL 2 mg/mL 1 mg/mL
(A) Normoxia e monolayer
a1 1.01  0.14 1.48 ± 0.16a (0.044) 2.18 ± 0.10a,b (0.033; 0.042)
b1 1.00  0.14 1.64 ± 0.15a (0.041) 2.35 ± 0.32a,b (0.008; 0.032)
b3 1.00  0.07 1.52 ± 0.22a (0.041) 2.15 ± 0.16a,b (0.009; 0.031)
(B) Normoxia e 3D culture
a1 1.00  0.12 1.46 ± 0.03a (0.042) 2.39 ± 0.46a,b (0.037; 0.041)
b1 1.01  0.16 1.28  0.63 2.34 ± 0.49a,b (0.021; 0.033)
b3 1.00  0.10 1.45 ± 0.16a (0.047) 2.25 ± 0.46a,b (0.031; 0.041)
(C) Hypoxia e monolayer
a1 1.01  0.09 1.61 ± 0.08a (0.042) 1.98  0.05
b1 1.00  0.13 1.51 ± 0.25a (0.040) 1.98 ± 0.10a,b (0.038; 0.041)
b3 1.00  0.09 1.37  0.38 2.07 ± 0.17a,b (0.031; 0.040)
(D) Hypoxia e 3D culture
a1 0.93  0.12 0.52 ± 0.13a (0.048) 0.11 ± 0.01a,b (0.027; 0.033)
b1 1.00  0.10 0.75 ± 0.04a (0.046) 0.27 ± 0.06a,b (0.021; 0.038)
b3 1.01  0.19 0.50 ± 0.04a (0.039) 0.01 ± 0.00a,b (0.004; 0.014)
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integrins as stated in materials and methods section, and referred
to that of control-treated chondrocytes for all cases as it is rep-
resented in the ﬁgure. Aggrecan expression was not modiﬁed with
the stiffness of the substrate, that is, chondrocytes were unable to
sense the mechanical environment, when hydrogels were blocked
using antibodies to integrins a1, b1, aV/b3, b3 and blebbistatin.
These data suggests that these integrins and NMMII, which are
inhibited by blebbistatin, are directly implicated in the mecha-
nisms responsibles for the mechanosensing. On the contrary,
when hydrogels were blocked using antibodies against integrins
a2, a3 and aV, we observed the same pattern of expression as in
control untreated cells, that is, cells were able to respond to the
mechanical environment, and thus, these integrins seem not to be
implicated in the mechanoperception. These results suggest a role
for the integrins a1, b1 and b3 in the mechanosensing of
chondrocytes.Analysis of gene expression
The genes used to study the signalling pathways activated were
grouped into integrins, focal adhesion components and transcrip-
tion factors.
Integrins
To conﬁrm the effects of blocking experiments, the expression of
integrins was analysed by RT-PCR. The expression of all of them
(Table III) underwent the same pattern that we could observe for
Aggrecan when chondrocytes were cultured in the different
mechanical environments (Table II). The data presented shows an
up-regulation occurring in the soft gels (1 mg/mL) in every condi-
tion except for cells embedded into the gels and cultured under
hypoxia. In this speciﬁc case the up-regulation occurred in the
3 mg/mL gel. These results conﬁrmed a role of the integrins a1, b1
and b3 in mechanotransduction.
Focal adhesion components
The expression proﬁle and western blot analysis of the genes
implicated in the focal adhesion complex: RhoA, Paxillin, Src and
FAK is shown in Fig. 2.
We observed an increase in the expression level of RhoA and
Paxillin when the substrate stiffness decreases. This pattern was
observed in monolayer and 3D cultures when the cells were in
normoxia. Although in hypoxia only when cells were cultured in
monolayer RhoA and Paxillin were signiﬁcally up-regulated with
low stiffness. The 3D culture conditions showed down-regulation
of Paxillin and RhoA in low stiffness substrates. At the protein
level we observed similar changes in expression pattern, with
increased proteins levels with low stiffness in both culture condi-
tions under normoxia and only in monolayer conditions under
hypoxia.
The expression of Src was not detectedwhen cells were cultured
in monolayer. Only when cells were cultured in a 3D environment
Src expression was detected both at the mRNA and protein level. In
the 3D environment we observed variations of Srcwith the stiffness
of the hydrogel. Up-regulation of Src expression correlated with the
Fig. 2. Expression analysis of RhoA, Src, Paxillin and FAK. They were selected as members of the focal adhesion complex structure. Experiment were repeated three times and for
every repeat, cells were pooled from 15 rats and cultured for 4 days in monolayer and embedded inside the gels in normoxia (A and B) and hypoxia (C and D) and then collected and
subjected to RT-PCR and western blot assays. Tables show the results from the RT-PCR analysis. The relative quantity to the 3 mg/mL gel is shown as the average  95% conﬁdence
interval for six repeats (n ¼ 6). Statistical analysis for 2 mg/mL gels is referred to the control 3 mg/mL gels, while that for 1 mg/mL is referred to the 2 mg/mL gels. Values that
resulted signiﬁcantly different appear in boldcase. a: P < 0.05 with respect to the control 3 mg/mL gel. b: P < 0.05 with respect to the 2 mg/mL gel. In brackets appears the value for
P. Images show the bands corresponding to the proteins assayed by means of western blot.
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was observed in the 1 mg/mL gel in normoxia and in the 3 mg/
mL in hypoxia.
The expression of FAK as it is shown in the Fig. 2 underwent
a down-regulation at the mRNA and protein level in the soft 1 mg/
mL gels in normoxia, which resulted opposite to the expression of
the cartilage marker Aggrecan. This pattern of expression changed
to an up-regulation in the low stiffness gels under normoxia and in
the monolayer cultures. Protein and mRNA resulted increased in
the stiff 3 mg/mL hydrogels in three dimensional normoxia
cultures.
Transcription factors
As the ultimate effectors of the mechanosensing process we
analysed the expression of the transcription factors Jun, Fos, Sox9
and HIF-1a (Fig. 3).The results in the ﬁgure show an increase in the gene expression
of the transcription factors Jun, Fos and Sox9 in the low stiffness
hydrogels in normoxia conditions and in monolayer in hypoxia.
Cultures performed in hypoxia and three dimensional cultures
provoked an up-regulation of these transcription factors in the stiff
gels. In spite of Jun, that showed no variations in the blots in
monolayer cultured chondrocytes, other analysed proteins showed
changes that correlated with that for mRNA. These pattern of
expression strongly agrees with that observed for Aggrecan and so,
with an improved chondrocyte phenotype.
On the other hand, HIF-1a only was modulated by the stiffness
of the substrate when the experiments were performed in hypoxia.
In such conditions, its expression was up-regulated in the 1 mg/mL
gel for 2D and 3D cultures, which agrees with the acquisition of an
improved cartilage behaviour in the 2D, but not in the 3D cultures
(that yielded improved chondrocytes in the 3 mg/mL gel). We did
Fig. 3. Expression analysis of Jun, Fos, Sox9 and HIF-1a. They were selected as members of the focal adhesion complex structure. Experiment were repeated three times and for
every repeat, cells were pooled from 15 rats and cultured for 4 days in monolayer and embedded inside the gels in normoxia (A and B) and hypoxia (C and D) and then collected and
subjected to RT-PCR and western blot assays. Tables show the results from the RT-PCR analysis. The relative quantity to the 3 mg/mL gel is shown as the average  95% conﬁdence
interval for six repeats (n ¼ 6). Statistical analysis for 2 mg/mL gels is referred to the control 3 mg/mL gels, while that for 1 mg/mL is referred to the 2 mg/mL gels. Values that
resulted signiﬁcantly different appear in boldcase. a: P < 0.05 with respect to the control 3 mg/mL gel. b: P < 0.05 with respect to the 2 mg/mL gel. In brackets appears the value for
P. Images show the bands corresponding to the proteins assayed by means of western blot. Jun was used as a marker for AP-1 heterodimer that contains Jun and Fos proteins.
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be modulated by the elastic modulus of the substrate.
Immunﬂuorescence analysis
Finally, we performed immunodetection of the signalling
proteins tested in order to determine their localization in the cell
(Fig. 4). RhoA, Src, Paxillin and FAK, according to their role as
members of the focal adhesion complexes were found in the
cytoplasm of the cell. In addition, images showed a higher intensity
in the cytoplasmic membrane, which agrees with their participa-
tion in the assembly of the focal adhesion complexes. On the other
hand, images in the ﬁgure demonstrated the nuclear localization of
AP-1, Sox9 and HIF-1a, which agrees also their activity as tran-
scription factors and conﬁrms a possible role in the response to
changes in stiffness described here.
Discussion
In this work we used cells originated from healthy rats, which
are far from those cells derived from pathological or aged cartilagetypically obtained from human donors. In spite of the limitation of
this fact, there are studies that describe different responses for
osteoarthritic cells and aged cells24, which encouraged us to
develop mechanotransduction model in healthy cells that will later
be applied to the research in pathological chondrocytes. Our model
has been developed in collagen derived hydrogels that yielded
different rigidities according to the rheological determination, both
in normoxia and hypoxia (Table I). Untreated cells (which appear as
control in Table II) show the variations of chondrocyte phenotype in
response to changes in stiffness. We could appreciate an increase in
Aggrecan expression in the more compliant gels (1 mg/mL) for
every condition tested, except in hypoxia-3D culture, where the
response was inverted and the increase in Aggrecan was observed
in the more stiff gels. As stated in the introduction, chondrocyte
response to changes in the mechanical environment has been
described but little is known about the mechanisms triggered
inside the cell. We have developed a model for the study of the
mechanotransduction in chondrocytes using collagen hydrogels
with different stiffness in the range from 2 to 20 Pa.We assume that
this range is far from that found in healthy cartilage (range of kPa),
but studies published in the last years show how the chondrocyte
Fig. 4. Immunoﬂuorescence analysis to detect the cellular localization of the signalling molecules tested in the study.
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potentiated when in vitro systems include low mechanical
properties7,25e27.Initiation of the signal
Initiation of the signalling cascades that are triggered by
mechanotransduction takes place in focal adhesion complexes as
described for other mechanical stimuli10e14. A cell needs ﬁrst the
ability to pull against the matrix and then to create a signal
whose intensity depends on the strength required by the cell to
deform the matrix7. NMMII is the major motor protein that
supports the generation of cytoskeletal tension28 and its special
structure makes the movement that leads to the pulling of actin
ﬁlaments and thus, to the generation of cortical tension29. As
stated in the introduction, this tension is the main event to
initiate any process of mechanosensing. NMMII was identiﬁed as
the protein responsible for that force in bone marrow-derived
stem cells7. We describe a similar role for NMMII in chon-
drocytes, since its blockade prevents the capacity for mechano-
sensing. Moreover, concerning the physical points in which the
cells contacts with the ECM, we have described the participation
of integrins a1, b1 and b3 in the mechanoperception of chon-
drocytes, demonstrated also by the cease of mechanosensing
when they are blocked.Intracellular events
Once the signal has initiated, the focal adhesion complexes are
the responsible of transmitting the signal to intracellular compo-
nents13. According to our results, focal complexes formed in the
cytosolic domain of integrins include at least the recruitment of
RhoA and Paxillin, since they are over expressed in our model both
at the mRNA and protein level. They have already been described as
members of the focal adhesion complexes in many studies30e32,
which agree our data and strongly suggest that they participate in
the cascade initiated by NMMII.
An interesting ﬁnding in our study was the detection of Src
mRNA only when chondrocytes were cultured in 3D and regard-
less of the oxygen content. Nevertheless, we could ﬁnd positive
staining when we detected the protein by immunoﬂuorescence,
which could be related to the sensitivity of the PCR and immu-
noﬂuorescence staining. Little has been published relating the
expression of Src to a three dimensional environment. Our ﬁnd-
ings agree a previous work that describe the activation of Srcwhen transferring primary human ﬁbroblasts to a 3D environ-
ment33. This study, as well as ours, point to the activity of Src in
the modulation of the cell phenotype when a cell is transferred
frommonolayer to a 3D culture. Due to this our results allow us to
suggest a role of Src in the modulation of the dedifferentiation
occurred for cartilage cells in monolayer19,20,34,35 and points to
a key role in the changes produced when cells are cultured in 2D/
3D environments. In any case the activity of Src as a mechano-
transducer is clear but is strongly connected with the
environment.
Finally, we analysed the participation of FAK. According to
published references15e17, we can take it as some sort of marker for
the focal adhesion complex assembly and in our study we can
observe a clear and different behaviour for FAK in normoxia and
hypoxia. In hypoxic conditions, FAK is up-regulated according to
Aggrecan, but surprisingly inverts in atmospheric oxygen concen-
tration. The data obtained in hypoxia are consistent with a direct
role of FAK in the transmission of the signal that culminates with
expression of Aggrecan. However, in normoxia, the increase in the
expression of FAK is accompanied by a decrease in the integrin
mediated signalling. All these data suggest that the participation of
FAK in our model depends on some factors that act only in hypoxia.
The classical factors related to hypoxia are those from the family of
HIF21,22, in fact, an interaction between FAK and HIF-1a has been
described32,36. Our data could be consistent with HIF-1a mediated
phosphorylation of FAK, which would allow for the FAK over
expressed under hypoxia to induce the assembly of focal adhesion
complexes.Gene transcription
As the ﬁnal step in the mechanotransduction, we describe the
up-regulation of transcription factors Jun and Fos (AP-1), Sox9 and
HIF-1a.
In previously published works, AP-1 has been shown to be
a mechanosensitive factor in other type of cells37e42. Nevertheless,
these studies demonstrate the up-regulation of AP-1 when active
mechanical stimulation is applied. Our work describes for the ﬁrst
time the overexpression of AP-1 related to the stiffness of the
substrate and relate it with the promotion of a chondrocyte
phenotype. Surprisingly, AP-1 sites have not been described in the
promoter of type II collagen or Aggrecan, which proves the lack of
direct potentiation of cartilage markers in chondrocytes and
suggests an indirect mechanism. Same as ours, De Croos40,41 study
points to a relation between active mechanical stimulation and
Fig. 5. Diagram showing a representation of the signalling pathways described in this
work. Details are explained in the text.
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a cartilage phenotype.
Sox9 is a factor classically related to the acquisition of chon-
drocyte phenotype43,44. Our results strongly agree with those
preceeding us, and show a good correlation with the ﬁnal up-
regulation of the expression of Aggrecan. Concerning HIF-1a,
apart from the possible interaction suggested with FAK to explain
its role and stated above, we describe a direct correlation with the
acquisition of a chondrocyte phenotype only in hypoxia. This agrees
the works that describe its up-regulation in low oxygen
content21,22, but we show also a non-described role for HIF-1a in
the modulation of the mechanoperception.Conclusions
In summary, our work offers interesting data describing some of
the intracellular events related with the mechanisms triggered
during mechanotransduction (Fig. 5). Beginning with the action of
NMMII, through integrins a1, b1 and b3, we detected the role of
RhoA, Paxillin, Jun, Fos and Sox9.We found also interesting roles for
Src in the switch to a 3D environment, and for FAK and HIF-1a
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